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Introduction {#jah32173-sec-0004}
============

Kisspeptins (KPs) are biologically active cleavage peptides encoded by the *KiSS1*. The *KiSS1* gene encodes a 145‐amino‐acid protein, which is enzymatically cleaved into a 54‐amino‐acid peptide, KP‐54, and shortened peptides of 14, 13, or 10 amino acids.[1](#jah32173-bib-0001){ref-type="ref"}, [2](#jah32173-bib-0002){ref-type="ref"} KPs activate a G‐protein‐coupled receptor, GPR54 (KiSS1R).[1](#jah32173-bib-0001){ref-type="ref"}, [3](#jah32173-bib-0003){ref-type="ref"}, [4](#jah32173-bib-0004){ref-type="ref"} *KiSS1* suppresses metastases of human melamoma and breast carcinoma.[5](#jah32173-bib-0005){ref-type="ref"}, [6](#jah32173-bib-0006){ref-type="ref"} Its gene product, KP‐54 (also known as metastin), inhibits metastases of melanoma and breast cancer cells.[1](#jah32173-bib-0001){ref-type="ref"}, [7](#jah32173-bib-0007){ref-type="ref"} The common C‐terminal decapeptide shared by these KPs, KP‐10, is the minimum sequence necessary for GPR54 activation[1](#jah32173-bib-0001){ref-type="ref"}, [3](#jah32173-bib-0003){ref-type="ref"}, [4](#jah32173-bib-0004){ref-type="ref"} and is secreted by cultured human trophoblasts.[8](#jah32173-bib-0008){ref-type="ref"} KP‐10 is highly conserved between mice and humans, with only 1 amino acid replacement.[9](#jah32173-bib-0009){ref-type="ref"} KP‐10 is well known as the most potent activator of gonadotropic hormone secretion[10](#jah32173-bib-0010){ref-type="ref"} and also exerts potent vasoconstriction, antitumor angiogenesis, and anticoagulation.[11](#jah32173-bib-0011){ref-type="ref"}, [12](#jah32173-bib-0012){ref-type="ref"}, [13](#jah32173-bib-0013){ref-type="ref"}, [14](#jah32173-bib-0014){ref-type="ref"} KP‐10 inhibits the migration of human umbilical vein endothelial cells (HUVECs) and subsequent angiogenesis through inhibition of vascular endothelial growth factor signaling.[15](#jah32173-bib-0015){ref-type="ref"}, [16](#jah32173-bib-0016){ref-type="ref"} KP‐10 induces the senescence and suppresses the proliferation in HUVECs.[17](#jah32173-bib-0017){ref-type="ref"} Both KPs and GPR54 have been identified in human aorta, coronary artery, and umbilical vein.[11](#jah32173-bib-0011){ref-type="ref"} Recently, KPs have generated much interest in relation to pre‐eclampsia.[18](#jah32173-bib-0018){ref-type="ref"} However, there have been no previous reports regarding the roles of the KP‐10/GPR54 system in atherogenesis.

Atherosclerosis is a chronic inflammatory response to injury of the arterial wall.[19](#jah32173-bib-0019){ref-type="ref"} Endothelial inflammation stimulates the production of proatherogenic adhesion molecules, such as tumor necrosis factor‐α (TNF‐α), interleukin‐6 (IL‐6), monocyte chemotactic protein‐1 (MCP‐1), intercellular adhesion molecule‐1 (ICAM‐1), vascular adhesion molecule‐1 (VCAM‐1), and E‐selectin in endothelial cells (ECs). These effectors encourage monocyte adhesion and infiltration into the intimal layer, followed by fatty streak formation that is attributed to an accumulation of lipid‐laden macrophage foam cells.[20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"} Foam cell formation is characterized by the intracytoplasmic accumulation of cholesterol ester (CE), which is dependent on the balance between uptake of oxidized low‐density lipoprotein (oxLDL) by CD36 and efflux of free cholesterol (FC) controlled by ATP‐binding cassette transporter A1 (ABCA1).[20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"} To protect the cells against the toxicity of excessive FC accumulation, FC is esterified to CE by acyl‐CoA:cholesterol acyltransferase‐1 (ACAT‐1). Other than the accumulation of macrophage foam cells, migration and proliferation of vascular smooth muscle cells (VSMCs), EC proliferation, and production of extracellular matrix (ECM) components, such as the collagens, matrix metalloproteinases (MMPs), fibronectin, and elastin, all contribute to progression of atherosclerotic plaques.[21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}

In the present study, we assessed the modulatory effects of KP‐10, in vitro, on the inflammatory response, proliferation, and adhesion (to monocytes) for HUVECs, foam cell formation in human monocyte‐derived macrophages (HMDMs), and the migration, proliferation, and ECM production in human aortic smooth muscle cells (HASMCs). In vivo studies focused on the atherogenic effect of KP‐10 and atheroprotective effect of a GPR54 antagonist in apolipoprotein E--deficient (ApoE^−/−^) mice.

Methods {#jah32173-sec-0005}
=======

Human Monocyte Primary Culture {#jah32173-sec-0006}
------------------------------

Ethical approval was from the Tokyo University of Pharmacy and Life Sciences (Tokyo, Japan), with written informed consent obtained from all participants before blood draws. Human peripheral mononuclear cells were isolated from the blood of 20 healthy volunteers (8 male, 12 female; aged 19--25). Monocytes were purified using anti‐CD14 antibody‐conjugated magnetic microbeads (Miltenyi Biotec, Cambridge, MA). Primary monocytes were subsequently seeded into 3.5‐cm dishes (1×10^6^ cells/1 mL/dish)[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}, [23](#jah32173-bib-0023){ref-type="ref"} and incubated at 37°C in a 5% CO~2~ humidified incubator for 7 days in RPMI‐1640 medium containing 10% human serum and the indicated concentrations of human KP‐10 (Abgent, San Diego, CA). Media were changed every 3 days.

Cholesterol Esterification Assay {#jah32173-sec-0007}
--------------------------------

HMDMs were differentiated by a 7‐day culture with human serum and the indicated concentrations of KP‐10, with a further incubation for 19 hours at 37°C/5% CO~2~ with the same concentrations of KP‐10, along with 50 μg/mL of human oxLDL in the presence of 100 μmol/L of \[^3^H\]oleate (PerkinElmer, Waltham, MA) conjugated with BSA.[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}, [23](#jah32173-bib-0023){ref-type="ref"} Cellular lipids were extracted and the radioactivity attributed to cholesterol‐\[^3^H\]oleate determined by thin‐layer chromatography.

Reverse‐Transcription Polymerase Chain Reaction {#jah32173-sec-0008}
-----------------------------------------------

HUVECs (Lonza, Basel, Switzerland) were incubated at 37°C in 5% CO~2~ for 4 hours with an indicated concentration of KP‐10 in EGM‐2 (Lonza) containing 5% FBS. The mRNAs for TNF‐α, IL‐6, MCP‐1, ICAM‐1, VCAM‐1, E‐selectin, and glyceraldehyde‐3‐dehydrogenase were detected as described previously.[21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}, [23](#jah32173-bib-0023){ref-type="ref"}

Monocyte Adhesion Assay {#jah32173-sec-0009}
-----------------------

Confluent HUVECs cultured in 24‐well plates were incubated at 37°C in a 5% CO~2~ gassed incubator for 16 hours with EGM‐2 containing 0.5% FBS for 16 hours and then treated with the indicated concentrations of KP‐10 for 4 hours. Subsequently, human primary monocytes or THP‐1 cells (Health Science Research Resources Bank, Osaka, Japan) were labeled with Cell trace calcein red‐orange (Life Technologies, Carlsbad, CA) with 1×10^5^ cells added to each well of a HUVEC‐seeded 24‐well plate. After 1 hour, cells were washed 4 times, with human primary monocytes or THP‐1 cells bound to HUVECs, and then examined by fluorescence microscopy (IX70; Olympus, Tokyo, Japan). Their adhesion was assessed using image analysis software (ImageJ; National Institutes of Health, Bethesda, MD).

Proliferation Assay {#jah32173-sec-0010}
-------------------

HUVECs, HUVEC‐derived EA.hy926 cells, or HASMCs at passage 2 to 8 were seeded into 96‐well plates (1×10^4^ cells/100 μL/well) and incubated for 24 hours in DMEM or SmGM‐2 containing 10% or 5% FBS, respectively. Cells were then incubated for a further 48 hours with the indicated concentrations of KP‐10 in fresh media. Ten microliters of WST‐8 solution (Cell Count Reagent SF; Nacalai Tesque, Inc, Kyoto, Japan) were then added to each well. After 1 hour of incubation, the quantity of formazan product was determined by reading absorbance at 450 nm using a Sunrise Remote R‐micro plate reader (Tecan, Männedorf, Switzerland).[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}, [23](#jah32173-bib-0023){ref-type="ref"}

Migration Assay {#jah32173-sec-0011}
---------------

HASMCs (Lonza) at passage 6 to 8 were seeded into 8‐well culture slides (3×10^3^ cells/250 μL/well). Cells were incubated at 37°C in 5% CO~2~ for 3 to 5 hours in SmGM‐2 (Lonza) containing 5% FBS. HASMCs were then incubated for 15 hours with the indicated concentrations of angiotensin II (AngII) and/or KP‐10 in serum‐free SmGM. Cells were photographed at 10‐minute intervals. The average migration distance of 10 cells randomly selected in each dish was measured using a BIOREVO BZ‐9000 microscope (Keyence Corp, Osaka, Japan).[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}, [23](#jah32173-bib-0023){ref-type="ref"}

Apoptosis Assay {#jah32173-sec-0012}
---------------

HASMCs or HUVEC‐derived EA.hy926 cells were seeded into 12‐well plates (3×10^5^ cells/1 mL/well) and incubated at 37°C in a 5% CO~2~ gassed incubator for 24 hours in the same conditioning media, followed by a 48‐hour incubation with the indicated concentrations of KP‐10. Cells were fixed with 4% paraformaldehyde. Terminal deoxynucleotidyl transferase‐mediated deoxyuridine triphosphate‐biotin nick end labeling (TUNEL) staining was then performed using an In Situ Apoptosis Detection Kit (Takara Bio, Shiga, Japan) as described previously.[22](#jah32173-bib-0022){ref-type="ref"}

Western Blotting {#jah32173-sec-0013}
----------------

Aliquots of protein extracts (20 μg) derived from HMDMs, HASMCs, HUVECs, and EA.hy926 cells were separated by 10% SDS‐PAGE and then immunoblotted with antibodies raised against the following proteins: KP‐10; GPR54 (LifeSpan BioSciences, Seattle, WA); phosphorylated protein kinase B (p‐Akt); phosphorylated extracellular signal‐regulated kinase 1 and 2 (ERK1/2); phosphorylated p38 (Cell Signaling Technology, Danvers, MA); cleaved caspase‐3 (R&D Systems, Inc, Minneapolis, MN); and Bcl‐2‐associated X protein (Bax; Abcam, Cambridge, MA). Other antibodies used were same as described previously.[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}, [23](#jah32173-bib-0023){ref-type="ref"}

PAGE Zymography {#jah32173-sec-0014}
---------------

The activities of MMP‐2 and MMP‐9 in culture supernatants of HASMCs were determined using a gelatin‐zymography kit (Cosmo Bio USA, Inc, Carlsbad, CA) as described previously.[21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"}

Animal Experiments {#jah32173-sec-0015}
------------------

Protocols of 3 animal experiments were approved by the Institutional Animal Care and Use Committee of Tokyo University of Pharmacy and Life Sciences. A total of 66 of male spontaneously hyperlipidemic ApoE^−/−^ mice in 2 strains, C57/B6 (KOR/StmSlc‐*Apoe* ^*shl*^ mice) and BALB/c (KOR/StmSlc‐*Apoe* ^*shl*^ mice), were purchased from Japan SLC (Hamamatsu, Japan). Mice were fed a high‐cholesterol diet containing 16.5% fat, 1.25% cholesterol, and 0.5% sodium cholate (F2HFD1; Oriental Yeast, Tokyo, Japan), starting at 13 weeks of age.[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"} Mice at 13 weeks of age were infused for 4 weeks with KP‐10 and/or P234, a GPR54 antagonist (Peptide Institute, Osaka, Japan), using osmotic minipumps (Model 1002; Alzet; DURECT Corporation, Cupertino, CA). The time course and dose of KP‐10 and P234 infusion were decided on the basis of others' previous and our preliminary data.[13](#jah32173-bib-0013){ref-type="ref"}, [24](#jah32173-bib-0024){ref-type="ref"}, [25](#jah32173-bib-0025){ref-type="ref"}

Experiment 1 was performed to evaluate the dose‐dependent effects of KP‐10 on atherogenesis in 17 ApoE^−/−^ mice (C57BL/6). At 13 weeks of age, 3 mice were euthanized as preinfusion controls. The remaining 14 were divided into 3 groups of 5, 4, and 5 and then infused with saline (vehicle) or KP‐10 at doses of 5 and 12.5 μg/kg per hour, respectively.

Experiment 2 was performed to evaluate the suppressive effects of P234 on KP‐10‐induced atherogenesis in 38 ApoE^−/−^ mice (BALB/c). At 13 weeks of age, 7 mice were euthanized as a control before infusion. The remaining 31 were divided into 3 groups of 10, 10, and 11 and were then infused with saline, KP‐10 (12.5 μg/kg per hour) or KP‐10 (12.5 μg/kg per hour)+P234 (50 μg/kg per hour), respectively.

Experiment 3 was performed to evaluate the preventive effects of P234 on endogenous KP‐10‐induced atherogenesis (the natural course of atherogenesis) in 10 ApoE^−/−^ mice (BALB/c). From 13 to 17 weeks of age, 5 and 5 mice were infused with saline and P234 (50 μg/kg per hour), respectively.

Animal Measurements {#jah32173-sec-0016}
-------------------

Four weeks after commencing infusions into ApoE^−/−^ mice, systolic and diastolic blood pressure (BP) was measured using the indirect tail‐cuff method (Kent Scientific, Torrington, CT). Blood samples were collected after a 4‐hour fast. Plasma concentrations of glucose and total cholesterol were measured by enzymatic methods (Denka Seiken, Tokyo, Japan).[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"} Plasma KP‐10 concentration was measured by ELISA (Phoenix Pharmaceuticals Inc, Burlingame, CA) after extraction with a Sep‐Pak C18 cartridge (Waters Associates, Milford, MA), as described before.[24](#jah32173-bib-0024){ref-type="ref"}

Atherosclerotic Lesion Assessment {#jah32173-sec-0017}
---------------------------------

Before and 4 weeks after the start of infusions, ApoE^−/−^ mice were euthanized by exsanguination (total blood collection) under deep diethyl ether anesthesia. The whole aorta was washed by perfusion with PBS and fixed with 3.7% formaldehyde. The aorta was then excised from the aortic root to the abdominal area. The entire aorta and cross‐sections of the aortic root were stained with Oil Red O for assessment of atherosclerotic lesions.[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"} In aortic root, vascular inflammation, monocyte/macrophage infiltration, and VSMC contents were visualized by staining with antibodies for pentraxin‐3 (Bioss, Woburn, MA), MOMA‐2 (Millipore, Billerica, MA), or α‐smooth muscle actin (α‐SMA; Sigma‐Aldrich, St. Louis, MO), respectively.[19](#jah32173-bib-0019){ref-type="ref"}, [20](#jah32173-bib-0020){ref-type="ref"}, [21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"} The positive stained areas were traced by an investigator blind to the treatment and measured using image analysis software (Adobe Photoshop and NIH ImageJ). The occupied areas of atheromatous plaque, vascular inflammation, and macrophage and VSMC contents were expressed as a percentage relative to the entire cross‐section of the aortic wall. In addition, the ratios of macrophage content (μm^2^)/VSMCs content (μm^2^) within the atheromotous plaques were calculated to evaluate the plaque stability.

Statistical Analysis {#jah32173-sec-0018}
--------------------

Normality was tested with the Kolmogorov--Smirnov test. Normally distributed data are presented as mean±SEM and non‐normally distributed data as median \[25%, 75%\]. Differences between 2 groups were assessed by an unpaired Student *t* test. The nonparametric Mann--Whitney *U* test was used if data were not normally distributed. Multiple comparisons were made among ≥3 groups using 1‐way ANOVA followed by the Bonferroni post‐hoc test. Statistical analyses were performed using Statview‐J 5.0 (SAS Institute Inc, Cary, NC). A value of *P*\<0.05 was considered significant.

Results {#jah32173-sec-0019}
=======

Expression of GPR54 in Human Vascular Cells {#jah32173-sec-0020}
-------------------------------------------

First, the expression of KP‐10 receptor (GPR54) was investigated in human vascular cells used in this study. GPR54 was expressed at high levels in human monocytes, HMDMs, HASMCs, HUVECs, and EA.hy926 cells (Figure [1](#jah32173-fig-0001){ref-type="fig"}A).

![Expression of GPR54 in human vascular cells and effects of KP‐10 on monocyte‐HUVEC adhesion. A, Aliquots of protein extracts (30 μg) derived from human monocytes, HMDMs, HASMCs, HUVECs, and EA.hy926 cells were separated by 10% SDS‐PAGE and then immunoblotted with anti‐GPR54 antibody. β‐actin served as a loading control. Representative images are shown from 4 independent experiments. B, HUVECs were incubated with the indicated concentrations of KP‐10 for 4 hours, followed by a 1‐hour coincubation with calcein red‐orange--labeled THP‐1 cells. C, HUVECs were pretreated with or without the GPR54 antagonist, P234, for 30 minutes and incubated with KP‐10 for 4 hours, followed by 1‐hour coincubation with labeled THP‐1 cells. D, HUVECs were incubated with KP‐10 for 4 hours, followed by a coincubation with labeled THP‐1 cells or labeled human primary monocytes. Cell adhesion was determined by fluorescence microscopy. Scale bar=100 μm. All experiments were independently performed 3 times (each n=3; in B, C, and D). \**P*\<0.05, ^†^ *P*\<0.05; ^‡^ *P*\<0.0005. HASMC indicates human aortic smooth muscle cell; HMDM, human monocyte‐derived macrophage; HUVEC human umbilical vein endothelial cell; KP‐10, kisspeptin‐10.](JAH3-6-e005790-g001){#jah32173-fig-0001}

Effects of KP‐10 on Human Monocyte Adhesion to HUVECs {#jah32173-sec-0021}
-----------------------------------------------------

KP‐10 significantly increased adhesion of THP‐1 cells to HUVECs by ≈10‐fold at 10 μmol/L (Figure [1](#jah32173-fig-0001){ref-type="fig"}B). Pretreatment with the GPR54 antagonist, P234 (20 μmol/L), significantly inhibited KP‐10 (10 μmol/L)‐induced adhesion of THP‐1 cells to HUVECs (Figure [1](#jah32173-fig-0001){ref-type="fig"}C). These results indicated that KP‐10 increases the adhesion of THP‐1 cells to HUVECs by GPR54.

In a similar degree to the above result, the adhesion of human primary monocytes to HUVECs was also significantly increased by KP‐10 (Figure [1](#jah32173-fig-0001){ref-type="fig"}D).

Effects of KP‐10 on Inflammatory Response, Proliferation, and Apoptosis in Human ECs {#jah32173-sec-0022}
------------------------------------------------------------------------------------

KP‐10 markedly enhanced mRNA expression for TNF‐α, IL‐6, MCP‐1, ICAM‐1, VCAM‐1, and E‐selectin in HUVECs (Figure [2](#jah32173-fig-0002){ref-type="fig"}A). KP‐10 significantly increased the protein expression of ICAM‐1 and VCAM‐1 in HUVECs (Figure [2](#jah32173-fig-0002){ref-type="fig"}B) in parallel with the increases in mRNA levels (Figure [2](#jah32173-fig-0002){ref-type="fig"}A).

![Effects of KP‐10 in inflammatory response and proliferation in human ECs and foam cell formation in HMDMs. A, HUVECs were treated with the indicated concentrations of KP‐10 for 2 hours. mRNA expressions of TNF‐α, IL‐6, MCP‐1, ICAM‐1, VCAM‐1, and E‐selectin were analyzed by reverse transcription‐polymerase chain reaction. Representative images are shown from 3 independent experiments. B, HUVECs were incubated with indicated concentrations of KP‐10 for 4 hours and harvested for immunoblot to evaluate ICAM‐1 and VCAM‐1 protein expression (n=3). Representative images are shown; the graph indicates densitometry data following normalization relative to β‐actin. C, HUVECs or EA.hy926 cells were incubated with indicated concentrations of KP‐10 for 48 hours. Proliferation was determined by WST‐8 assay (n=4). D, EA.hy926 cells treated with KP‐10 for 48 hours were stained to detect apoptotic cells (green) using the TUNEL method. DAPI was incorporated as a nuclear (blue). The graph indicates the percentage of apoptotic cells in 3 independent experiments. Scale bar=100 μm. E, Human monocytes were incubated with the indicated concentrations of KP‐10 for 7 days, followed by a 19‐hour incubation with oxLDL and \[^3^H\]oleate along with KP‐10. Foam cell formation was determined from the intracellular radioactivity of cholesterol‐\[^3^H\]oleate (n=9). Baseline of control=8.0±1.6 nmol/mg cell protein. F, Before the addition of oxLDL,HMDMs were harvested for immunoblot analyses using anti‐CD36, ACAT‐1, and ABCA1 (n=7). \**P*\<0.05; ^†^ *P*\<0.01; ^‡^ *P*\<0.005; ^§^ *P*\<0.0001 vs 0 μmol/L of KP‐10. ABCA1 indicates ATP‐binding cassette transporter A1; ACAT‐1, acyl‐CoA:cholesterol acyltransferase‐1; DAPI, 4',6‐diamidino‐2‐phenylindole; EC, endothelial cell; HMDM, human monocyte‐derived macrophage; HUVEC, human umbilical vein endothelial cell; ICAM‐1, intercellular adhesion molecule‐1; IL‐6, interleukin‐6; KP‐10, kisspeptin‐10; MCP‐1, monocyte chemotactic protein‐1; oxLDL, oxidized low‐density lipoprotein; TNF‐α, tumor necrosis factor‐α; TUNEL, terminal deoxynucleotidyl transferase‐mediated deoxyuridine triphosphate‐biotin nick end labeling; VCAM‐1, vascular adhesion molecule‐1.](JAH3-6-e005790-g002){#jah32173-fig-0002}

KP‐10 significantly suppressed the proliferation of EA.hy926 cells, but not HUVECs, in a concentration‐dependent manner, with a maximal reduction by 28% at 10 μmol/L (Figure [2](#jah32173-fig-0002){ref-type="fig"}C). In addition, the induction of apoptosis was not evident at 10 μmol/L of KP‐10 in EA.hy926 cells (Figure [2](#jah32173-fig-0002){ref-type="fig"}D).

Effects of KP‐10 on Foam Cell Formation and Related Protein Expression in HMDMs {#jah32173-sec-0023}
-------------------------------------------------------------------------------

KP‐10 significantly enhanced oxLDL‐induced foam cell formation by 21% at 5 μmol/L in HMDMs (Figure [2](#jah32173-fig-0002){ref-type="fig"}E). KP‐10 also significantly increased protein expression of CD36 and ACAT‐1 and did not show a significant change in ABCA1 expression in HMDMs (Figure [2](#jah32173-fig-0002){ref-type="fig"}F).

Effects of KP‐10 on Migration, Proliferation, and Apoptosis in HASMCs {#jah32173-sec-0024}
---------------------------------------------------------------------

KP‐10 itself had no significant effect on the migration of HASMCs (Figure [3](#jah32173-fig-0003){ref-type="fig"}A). AngII significantly increased the migration of HASMCs (Figure [3](#jah32173-fig-0003){ref-type="fig"}A). However, KP‐10 significantly suppressed the AngII‐stimulated migration of HASMCs (Figure [3](#jah32173-fig-0003){ref-type="fig"}A). KP‐10 also significantly suppressed the proliferation of HASMCs in a concentration‐dependent manner, with a maximal reduction by 14% at 10 μmol/L (Figure [3](#jah32173-fig-0003){ref-type="fig"}B). Moreover, KP‐10 (10 μmol/L) significantly induced apoptosis of HASMCs (Figure [3](#jah32173-fig-0003){ref-type="fig"}C).

![Effects of KP‐10 on migration, proliferation, apoptosis, and ECM production in HASMCs. A, Migration of HASMCs treated with the indicated concentrations of KP‐10 in the absence or presence of AngII was determined using a BIOREVO BZ‐9000 microscope (n=3). \**P*\<0.0001; ^†^ *P*\<0.05. B, Proliferation of HASMCs was determined by WST‐8 assay following a 48‐hour incubation with the indicated concentrations of KP‐10 (n=5). C, HASMCs treated with KP‐10 for 48 hours were stained to detect apoptotic cells (green) using the TUNEL method. DAPI was incorporated as a nuclear (blue). The graph indicates the percentage of apoptotic cells in 3 independent experiments. Scale bar=100 μm. D and E, HASMCs were incubated with KP‐10 for 24 hours and harvested for immunoblots of mitogenic phenotype and signaling, collagen‐1, and collagen‐3 (n=3--4). F, In the same experiments, MMP‐2 and MMP‐9 activities in culture supernatants were determined by gelatin zymography (n=4). ^‡^ *P*\<0.001; ^§^ *P*\<0.0005; ^\|\|^ *P*\<0.05; ^\#^ *P*\<0.01; ^¶^ *P*\<0.005 vs 0 μmol/L of KP‐10. AngII indicates angiotensin II; Bax, Bcl‐2‐associated X protein; DAPI, 4',6‐diamidino‐2‐phenylindole; ECM, extracellular matrix; ERK, extracellular signal‐regulated kinase; HASMC, human aortic smooth muscle cell; KP‐10, kisspeptin‐10; MMP, matrix metalloproteinase; p‐Akt, phosphorylated protein kinase B.](JAH3-6-e005790-g003){#jah32173-fig-0003}

KP‐10 significantly suppressed the proliferative phenotype (SMemb) and Akt protein phosphorylation in HASMCs. In contrast, KP‐10 significantly increased the protein phosphorylation of ERK1/2 and p38 and also increased the protein expression of Bax and cleaved caspase‐3 in HASMCs (Figure [3](#jah32173-fig-0003){ref-type="fig"}D).

Effects of KP‐10 on ECM Expression in HASMCs {#jah32173-sec-0025}
--------------------------------------------

KP‐10 did not significantly alter the protein expression of collagen‐1, collagen‐3, fibronectin, and elastin in HASMCs (Figure [3](#jah32173-fig-0003){ref-type="fig"}E and Figure S1). However, KP‐10 showed a tendency to increase the protein expression of MMP‐2 and MMP‐9 (Figure S1). Furthermore, zymography revealed that KP‐10 significantly enhanced the activities of MMP‐2 and MMP‐9 (Figure [3](#jah32173-fig-0003){ref-type="fig"}F).

Effects of KP‐10 on Atherosclerotic Lesion Development in ApoE^−/−^ Mice {#jah32173-sec-0026}
------------------------------------------------------------------------

We evaluated the effects of KP‐10 and the GPR54 antagonist P234 on the development of atherosclerotic lesions in 2 different strains of ApoE^−/−^ mice (C57/B6 and BALB/c). In ApoE^−/−^ mice (C57/B6), the (entire) surface and cross‐sectional area of the root (plaque size) of aortic atherosclerotic lesions with pentraxin‐3‐positive area, monocyte/macrophage infiltration, and VSMC content as well as plasma total cholesterol concentration were significantly increased at 17 weeks of age compared with 13 weeks of age (Figure [4](#jah32173-fig-0004){ref-type="fig"}A: a, b, e, f, i, j, m, n, q, r, [4](#jah32173-fig-0004){ref-type="fig"}B through [4](#jah32173-fig-0004){ref-type="fig"}F; Table [1](#jah32173-tbl-0001){ref-type="table-wrap"}). By 17 weeks of age, plasma KP‐10 concentration was significantly elevated in mice infused with a high dose of KP‐10 (12.5 μg/kg per hour) compared with the vehicle control (Table [1](#jah32173-tbl-0001){ref-type="table-wrap"}). A high dose of KP‐10 (12.5 μg/kg per hour) significantly enhanced the aortic atherosclerotic lesion area and atheromatous plaque size (Figure [4](#jah32173-fig-0004){ref-type="fig"}A: b, d, f, h, [4](#jah32173-fig-0004){ref-type="fig"}B and [4](#jah32173-fig-0004){ref-type="fig"}C), with significant increases in pentraxin‐3‐positive area and monocyte/macrophage infiltration and a significant decrease in VSMC content (Figure [4](#jah32173-fig-0004){ref-type="fig"}A: j, l, n, p, r, t, [4](#jah32173-fig-0004){ref-type="fig"}D through [4](#jah32173-fig-0004){ref-type="fig"}F). There were no significant differences in body weight, food intake, systolic and diastolic BP, and plasma concentrations of either total cholesterol or glucose among the 3 groups of ApoE^−/−^ mice at 17 weeks of age (Table [1](#jah32173-tbl-0001){ref-type="table-wrap"}).

![Dose‐dependent effects of KP‐10 on atherosclerotic lesion development in ApoE^−/−^ mice (experiment 1). Of 17 ApoE^−/−^ mice (C57/B6) at 13 weeks of age, 3 were euthanized before infusion and 5, 4, and 5 were infused with KP‐10 at doses of 0, 5, 12.5 μg/kg per hour by osmotic minipumps for 4 weeks. The aortic surface was stained with Oil Red O (A: a through d). Cross‐sections of the aortic root were stained with Oil Red O (A: e through h), with immunostains for pentraxin‐3 (A: i through l), MOMA‐2 (A: m through p), or α‐SMA (A: q through t). Comparisons of atherosclerotic lesion area (B), atheromatous plaque (C), pentraxin‐3 expression (D), monocyte/macrophage accumulation (E), and VSMC content (F) among the 4 groups. \**P*\<0.05; ^†^ *P*\<0.005; ^‡^ *P*\<0.01. ApoE^−/−^ indicates apolipoprotein E deficient; KP‐10, kisspeptin‐10; α‐SMA, α‐smooth muscle actin; VSMC, vascular smooth muscle cell.](JAH3-6-e005790-g004){#jah32173-fig-0004}

###### 

Characteristics and Laboratory Data of ApoE^−/−^ Mice (Experiment 1)

  Parameter                  ApoE^−/−^ Mice (C57/B6)                                                                                                               
  -------------------------- ------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------
  N                          3                         5                                                     4                                                     5
  Body weight, g             27.7±0.76                 30.4±0.60[a](#jah32173-note-0005){ref-type="fn"}      29.8±0.85                                             29.2±0.58
  Food intake, g/day         NE                        5.9±0.4                                               6.4±0.4                                               6.3±0.4
  Systolic BP, mm Hg         109.0±4.5                 105.0±1.8                                             101.5±4.8                                             104.1±1.6
  Diastolic BP, mm Hg        89.0±7.0                  85.4±1.0                                              81.1±4.0                                              83.3±2.7
  Total cholesterol, mg/dL   322.0±15.8                1705.5±116.9[a](#jah32173-note-0005){ref-type="fn"}   1714.9±148.5[a](#jah32173-note-0005){ref-type="fn"}   1776.6±53.2[a](#jah32173-note-0005){ref-type="fn"}
  Glucose, mg/dL             246.2±73.3                353.4±37.0                                            231.3±38.1                                            312.4±44.1
  KP‐10, ng/mL               5.65±2.14                 5.85±2.21                                             6.37±2.16                                             19.54±5.01[b](#jah32173-note-0006){ref-type="fn"}

Mean±SEM. ApoE^−/−^ indicates apolipoprotein E deficient; BP, blood pressure; KP‐10, kisspeptin‐10; NE, not examined.

*P*\<0.05 vs 13W control.

*P*\<0.05 vs 17W control.

John Wiley & Sons, Ltd

In ApoE^−/−^ mice (BALB/c), aortic atherosclerotic lesion area and atheromatous plaque size with pentraxin‐3‐positive area and monocyte/macrophage and VSMC contents as well as plasma total cholesterol concentration were similarly increased at 17 weeks of age compared with 13 weeks of age (Figure [5](#jah32173-fig-0005){ref-type="fig"}A: a, b, e, f, i, j, m, n, q, r, [5](#jah32173-fig-0005){ref-type="fig"}B through [5](#jah32173-fig-0005){ref-type="fig"}F; Table [2](#jah32173-tbl-0002){ref-type="table-wrap"}). Infusion of KP‐10 (12.5 μg/kg per hour) significantly enhanced aortic atherosclerotic lesion area and atheromatous plaque size (Figure [5](#jah32173-fig-0005){ref-type="fig"}A: b, c, f, g, [5](#jah32173-fig-0005){ref-type="fig"}B and [5](#jah32173-fig-0005){ref-type="fig"}C), with a significant increase in monocyte/macrophage infiltration (with an increase tendency in pentaxin‐3‐positive area) and a significant decrease in VSMC content (Figure [5](#jah32173-fig-0005){ref-type="fig"}A: j, k, n, o, r, s, [5](#jah32173-fig-0005){ref-type="fig"}D through [5](#jah32173-fig-0005){ref-type="fig"}F). At 17 weeks of age, plasma KP‐10 concentration was significantly elevated in ApoE^−/−^ mice infused with KP‐10 or KP‐10+P234 compared to the vehicle control (Table [2](#jah32173-tbl-0002){ref-type="table-wrap"}). However, there were no significant differences in body weight, food intake, systolic and diastolic BP, and plasma concentrations of total cholesterol and glucose among the 3 groups of ApoE^−/−^ mice at 17 weeks of age (Table [2](#jah32173-tbl-0002){ref-type="table-wrap"}). Compared with KP‐10 infusion, coinfusion of KP‐10+P234 significantly suppressed aortic atherosclerotic lesion area and atheromatous plaque size (Figure [5](#jah32173-fig-0005){ref-type="fig"}A: c, d, g, h, [5](#jah32173-fig-0005){ref-type="fig"}B and [5](#jah32173-fig-0005){ref-type="fig"}C), with a significant decrease in monocyte/macrophage infiltration (with a decrease tendency in pentraxin‐3‐positive area) and a significant increase in VSMC content (Figure [5](#jah32173-fig-0005){ref-type="fig"}A: k, l, o, p, s, t, [5](#jah32173-fig-0005){ref-type="fig"}D through [5](#jah32173-fig-0005){ref-type="fig"}F).

![Suppressive effects of P234 (GPR54 antagonist) on KP‐10‐induced atherosclerotic lesion development in ApoE^−/−^ mice (experiment 2). Of 38 ApoE^−/−^ mice (BALB/c) at 13 weeks of age, 7 were euthanized before infusion and 10, 10, and 11 were infused with KP‐10 (0 μg/kg per hour), KP‐10 (12.5 μg/kg per hour), and KP‐10 (12.5 μg/kg per hour)+P234 (50 μg/kg per hour) by osmotic minipumps for 4 weeks. The aortic surface was stained with Oil Red O (A: a through d). Cross‐sections of the aortic root were stained with Oil Red O (A: e through h), with immunostains for pentraxin‐3 (A: i through l), MOMA‐2 (A: m through p), or α‐SMA (A: q through t). Comparisons of atherosclerotic lesion area (B), atheromatous plaque (C), pentraxin‐3 expression (D), monocyte/macrophage accumulation (E), and VSMC content (F) among the 4 groups. \**P*\<0.005; ^†^ *P*\<0.05; ^‡^ *P*\<0.001; ^§^ *P*\<0.0005. ApoE^−/−^ indicates apolipoprotein E deficient; KP‐10, kisspeptin‐10; α‐SMA, α‐smooth muscle actin; VSMC, vascular smooth muscle cell.](JAH3-6-e005790-g005){#jah32173-fig-0005}

###### 

Characteristics and Laboratory Data of ApoE^−/−^ Mice (Experiment 2)

  Parameter                  ApoE^−/−^ Mice (BALB/c)                                                                                                               
  -------------------------- ------------------------- ----------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------
  N                          7                         10                                                    10                                                    11
  Body weight, g             26.7±1.2                  28.0±0.8                                              29.2±1.2                                              28.3±0.7
  Food intake, g/day         NE                        5.0±0.6                                               5.4±0.3                                               5.2±0.5
  Systolic BP, mm Hg         93.4±1.0                  92.8±1.3                                              94.2±1.2                                              93.3±1.6
  Diastolic BP, mm Hg        72.6±1.0                  71.8±1.4                                              74.3±1.0                                              73.7±1.5
  Total cholesterol, mg/dL   575.0±82.4                2140.3±52.0[\*](#jah32173-note-0008){ref-type="fn"}   2028.6±42.7[\*](#jah32173-note-0008){ref-type="fn"}   1930.0±112.4[\*](#jah32173-note-0008){ref-type="fn"}
  Glucose, mg/dL             199.3±35.4                279.8±21.5                                            265.0±20.2                                            282.6±28.0
  KP‐10, ng/mL               0.4±0.1                   0.6±0.1                                               1.6±0.2[†](#jah32173-note-0009){ref-type="fn"}        2.4±0.4[‡](#jah32173-note-0009){ref-type="fn"}

Mean±SEM. ApoE^−/−^ indicates apolipoprotein E deficient; BP, blood pressure; KP‐10, kisspeptin‐10; NE, not examined.

\**P*\<0.05 vs 13W control.

^†^ *P*\<0.005; ^‡^ *P*\<0.0001 vs 17W control.

John Wiley & Sons, Ltd

Last, the preventive effect of P234 alone on endogenous KP‐10‐induced atherogenesis was determined in ApoE^−/−^ mice (BALB/c). P234 infusion significantly prevented both aortic atherosclerotic lesion area and atheromatous plaque size (Figure [6](#jah32173-fig-0006){ref-type="fig"}A: b, c, e, f, [6](#jah32173-fig-0006){ref-type="fig"}B and [6](#jah32173-fig-0006){ref-type="fig"}C), without significant changes in pentraxin‐3‐positive area, monocyte/macrophage infiltration, and VSMC content. There were no significant differences in body weight, food intake, systolic and diastolic BP, and plasma concentrations of total cholesterol and glucose between the 2 groups of ApoE^−/−^ mice at 17 weeks of age (Table [3](#jah32173-tbl-0003){ref-type="table-wrap"}).

![Preventive effects of P234 (GPR54 antagonist) on endogenous KP‐10‐induced atherosclerotic lesion development in ApoE^−/−^ mice (experiment 3). Of 17 ApoE^−/−^ mice (BALB/c) at 13 weeks of age, 7 were euthanized before infusion and 5 and 5 were infused with saline and P234 (50 μg/kg per hour) by osmotic minipumps for 4 weeks. The aortic surface was stained with Oil Red O (A: a through c). Cross‐sections of the aortic root were stained with Oil Red O (A: d through f), with immunostains for pentraxin‐3 (A: g through i), MOMA‐2 (A: j through l), or α‐SMA (A: m through o). Comparisons of atherosclerotic lesion area (B), atheromatous plaque (C), pentraxin‐3 expression (D), monocyte/macrophage accumulation (E), and VSMC content (F) among the 3 groups. \**P*\<0.0001, ^†^ *P*\<0.05, ^‡^ *P*\<0.01. ApoE^−/−^ indicates apolipoprotein E deficient; KP‐10, kisspeptin‐10; α‐SMA, α‐smooth muscle actin; VSMC, vascular smooth muscle cell.](JAH3-6-e005790-g006){#jah32173-fig-0006}

###### 

Characteristics and Laboratory Data of ApoE^−/−^ Mice (Experiment 3)

  Parameter                  ApoE^−/−^ Mice (BALB/c)                                                        
  -------------------------- ------------------------- ---------------------------------------------------- -----------------------------------------------------
  N                          7                         5                                                    5
  Body weight, g             26.7±1.2                  27.1±0.5                                             28.2±0.4
  Food intake, g/day         NE                        4.3±0.1                                              4.5±0.2
  Systolic BP, mm Hg         93.4±1.0                  96.1±0.7                                             97.0±0.7
  Diastolic BP, mm Hg        72.6±1.0                  75.8±1.1                                             75.2±0.8
  Total cholesterol, mg/dL   575.0±82.4                2660.2±89.8[a](#jah32173-note-0011){ref-type="fn"}   2534.1±167.5[a](#jah32173-note-0011){ref-type="fn"}
  Glucose, mg/dL             199.3±35.4                241.7±26.4                                           289.0±42.4

Mean±SEM. ApoE^−/−^ indicates apolipoprotein E deficient; BP, blood pressure; NE, not examined.

*P*\<0.0001 vs 13W control.

John Wiley & Sons, Ltd

Effects of KP‐10 and P234 on Atheromatous Plaque Instability in ApoE^−/−^ Mice {#jah32173-sec-0027}
------------------------------------------------------------------------------

In experiment 2, we calculated the ratio of macrophage content/VSMC content within atheromatous plaques as an index of plaque instability in ApoE^−/−^ mice. The ratio tended to increase with age (13--17 weeks of age) and was significantly increased by KP‐10 and reversed to the control level by P234 (Figure [7](#jah32173-fig-0007){ref-type="fig"}). This finding suggests that KP‐10 may induce plaque instability and P234 may contribute to stabilize atheromatous plaque.

![Effects of KP‐10 and P234 (GPR54 antagonist) on atheromatous plaque instability in ApoE^−/−^ mice. In experiment 2 shown in Figure [5](#jah32173-fig-0005){ref-type="fig"}, the ratio of macrophage content (μm^2^)/VSMC content (μm^2^) within atheromatous plaques was compared among 4 groups of 13‐week‐old mice (n=7) and 17‐week‐old mice infused with saline (n=10), KP‐10 (12.5 μg/kg per hour; n=10), and KP‐10 (12.5 μg/kg per hour)+P234 (50 μg/kg per hour) (n=11). KP‐10 indictes kisspeptin‐10; VSMC, vascular smooth muscle cell.](JAH3-6-e005790-g007){#jah32173-fig-0007}

Discussion {#jah32173-sec-0028}
==========

We now provide the first evidence to show that KP‐10 stimulates the inflammatory response in HUVECs, monocyte adhesion to HUVECs, and macrophage foam cell formation in vitro and accelerates the development of atherosclerotic lesions with increased monocyte/macrophage infiltration and pentraxin‐3 expression in ApoE^−/−^ mice in vivo. In addition, KP‐10 suppresses the migration and proliferation and enhances apoptosis and MMPs activity in HASMCs, suggesting that KP‐10 may induce plaque instability. Although each change with KP‐10 in a variety of cellular and molecular phenomena in vitro seems to be weak, united, all exert a greatly and visibly stimulatory effect of KP‐10 on atherogenesis in vivo. In the present study, we also show that the GPR54 antagonist significantly cancelled the exogenous KP‐10‐stimulated atheromatous plaque development and instability in ApoE^−/−^ mice. In high‐cholesterol‐diet--fed ApoE^−/−^ mice from 13 to 17 weeks of age, the development of aortic atherosclerotic lesions is more closely linked to the marked increase in plasma total cholesterol levels compared with a little increase in plasma endogenous KP‐10 levels (+200 pg/mL; Tables [1](#jah32173-tbl-0001){ref-type="table-wrap"} and [2](#jah32173-tbl-0002){ref-type="table-wrap"}). Nevertheless, the GPR54 antagonist was able to prevent significantly the development of atherosclerotic lesions in ApoE^−/−^ mice.

Both KPs and GPR54 are expressed in ECs, macrophages, cardiomyocytes, pancreas, hypothalamus, and extravillous trophoblast.[8](#jah32173-bib-0008){ref-type="ref"}, [11](#jah32173-bib-0011){ref-type="ref"}, [12](#jah32173-bib-0012){ref-type="ref"}, [26](#jah32173-bib-0026){ref-type="ref"} In our preliminary investigation (Data S1), both KP‐10 and GPR54 are expressed at high levels in human coronary atherosclerotic lesions (Figure S2A). In the present study, GPR54 is expressed in human ECs, monocytes, macrophages, and VSMCs. Ovarian *kiss1* and *kiss1r* expressions are increased in aged mice compared to reproductive‐age mice.[27](#jah32173-bib-0027){ref-type="ref"} Loss of function of GPR54 or KPs induces hypogonadotropic hypogonadism.[26](#jah32173-bib-0026){ref-type="ref"}, [28](#jah32173-bib-0028){ref-type="ref"}, [29](#jah32173-bib-0029){ref-type="ref"} Bowe et al have shown that KPs stimulate the release of insulin from the pancreas.[30](#jah32173-bib-0030){ref-type="ref"} Actually, *kiss1r*‐knockout mice exhibit the phenotypes of glucose intolerance and obesity.[31](#jah32173-bib-0031){ref-type="ref"} KPs also regulate vascular tone as a constrictor.[32](#jah32173-bib-0032){ref-type="ref"} However, in our study, chronic infusion of KP‐10 did not affect body weight, plasma glucose level, and BP in ApoE^−/−^ mice.

Pentraxin‐3 is well known to reflect vascular inflammation derived from mainly ECs followed by VSMCs and macrophages and also is associated with apoptosis and plaque vulnerability.[33](#jah32173-bib-0033){ref-type="ref"}, [34](#jah32173-bib-0034){ref-type="ref"}, [35](#jah32173-bib-0035){ref-type="ref"}, [36](#jah32173-bib-0036){ref-type="ref"} In the present study, increased pentraxin‐3 expression and increased activities of MMP‐2 and MMP‐9 as well as apoptosis induction in VSMCs by KP‐10 may be associated with atherosclerotic plaque instability. Previous reports showed that KPs downregulated MMP‐2 and MMP‐9 at both the transcriptional and protein levels in human renal carcinoma KU19‐20 cells and fibrosarcoma HT‐1080 cells, respectively.[37](#jah32173-bib-0037){ref-type="ref"}, [38](#jah32173-bib-0038){ref-type="ref"} However, our study showed that KP‐10 promoted MMP‐2 and MMP‐9 activities in HASMCs. The discrepancy may be attributed to differences in cell types and the methods of KP‐10 addition into these cells. Further studies are needed to elucidate whether knockout of KP‐10 in ApoE^−/−^ mice may suppress the progression and rupture of atherosclerotic plaques.

Different cell types in vitro and different animal backgrounds in vivo were used in the present study. First, EA.hy926 is a hybrid cell line derived by fusion of HUVEC with A549 cells. Compared with HUVECs, EA.hy926 cells were more convenient for our WST‐8 assay to determine cell proliferation without inducing apoptosis.[39](#jah32173-bib-0039){ref-type="ref"} In contrast, HUVECs were more adequate to analyze the changes in inflammatory molecules' expression with KP‐10, because HUVECs may involve the abundant of cyclooxygenase 2.[40](#jah32173-bib-0040){ref-type="ref"} According to the above reasons, we have used these cell lines in our previous studies.[21](#jah32173-bib-0021){ref-type="ref"}, [22](#jah32173-bib-0022){ref-type="ref"} The present study revealed that KP‐10 significantly decreased the proliferation of EA.hy926 cells, but not HUVECs. Second, because of the stopping of supplying from a commercial mouse breeder, we unavoidably used 2 strains of ApoE^−/−^ mice. However, we set control mice before and after infusion with saline in each experiment. Therefore, they are reliable data in the independent protocol of experiments.

The signal transduction pathways for KP‐10 have yet to be identified. Our study suggests that KP‐10 suppresses the migration and proliferation, and induces apoptosis and MMPs production associated with the downregulation of Akt phosphorylation and the upregulation of ERK1/2 and p38 phosphorylation and caspase‐3 expression in VSMCs. Kotani et al[3](#jah32173-bib-0003){ref-type="ref"} showed that the suppressive effects of KPs on proliferation in Chinese hamster ovary cells expressing human or rat GPR54, with phosphorylation of ERK1/2 and p38. In our study, it is reasonable that KP‐10 suppresses proliferation of EA.hy926 cells and HASMCs by phosphorylation of ERK1/2 and p38.

The physiological relevance of the KP‐10 concentrations used in our in vitro and in vivo experiments warrants further discussion. First, the concentrations of KP‐10 needed to influence multiple HUVEC, HMDM, and HASMC responses were considerably high (maximum ≈7400‐fold) compared with average plasma concentration of KP‐10 (1.35 nmol/L \[1.05 ng/mL\]) in 28 healthy volunteers (Figure S2B). In the vascular wall, ECs and macrophages generate large amounts of KP‐10 in an autocrine/paracrine manner. Plasma KP‐54 concentration increases by 1000‐ to 10 000‐fold during pregnancy.[41](#jah32173-bib-0041){ref-type="ref"} Consequently, it is not surprising that local levels of KP‐10 were increased in a similar degree. Second, the concentration of KP‐10 in serum obtained from a healthy human volunteer was 0.32 nmol/L (0.41 ng/mL) in our study. Therefore, the 10% concentration added to culture medium for HMDMs (32 pmol/L) was negligible compared with the concentrations of KP‐10 added. Third, the concentrations of KP‐10 differed in terms of the inflammation responses that they provoked in HUVECs, as well as their influence on monocyte‐HUVEC adhesion, macrophage foam cell formation and effector expression, HASMC migration and proliferation, and ECM production. This likely reflects the different cell types used and their intracellular signals. Fourth, the dose of KP‐10 (12.5 μg/kg per hour) infusion into mice is 9.6‐fold higher compared with its dose (1.3 μg/kg per hour \[1.0 nmol/kg per hour\]) used in humans.[42](#jah32173-bib-0042){ref-type="ref"} It is generally accepted to examine the effect of drugs at such a high dose in animal experiments. Fifth, plasma KP‐10 concentration in ApoE^−/−^ mice infused with KP‐10 was significantly higher by 3‐ to 4‐fold (Table [1](#jah32173-tbl-0001){ref-type="table-wrap"}), which were not as high as we anticipated. KP‐10 might therefore be metabolized, to some degree, in circulating blood.[43](#jah32173-bib-0043){ref-type="ref"} Last, plasma KP‐10 concentration in ApoE^−/−^ mice infused with KP‐10+P234 was higher compared with KP‐10 alone (Table [2](#jah32173-tbl-0002){ref-type="table-wrap"}). Given that the amino‐acid sequence of KP‐10 is 70% identical to that of P234 (inactive form), the ELISA kit may detect P234 as KP‐10 (possible cross‐reaction).

In conclusion, our results indicate that KP‐10 accelerates atherogenesis by enhancing the inflammatory responses and monocyte adhesion in ECs and macrophage foam cell formation. In addition, KP‐10 may contribute to plaque instability by reducing the proliferation of ECs and VSMCs and by increasing apoptosis and MMPs activities in VSMCs. The GPR54 antagonist may be useful for the prevention and treatment of atherosclerosis. Thus, the KP‐10/GPR54 system may serve as a novel therapeutic target for atherosclerotic cardiovascular diseases.

Sources of Funding {#jah32173-sec-0030}
==================

This work was supported, in part, by a Grant‐in‐Aid for Young Scientists (B) (25860418 to Sato) and a Grant‐in‐Aid for Scientific Research (C) (16K08943 to Sato) from the Japan Society for the Promotion of Science.

Disclosures {#jah32173-sec-0031}
===========

None.

Supporting information
======================

###### 

**Data S1.** Supplemental methods.

**Figure S1.** Effects of KP‐10 on extracellular matrix expression in human aortic smooth muscle cells (HASMCs). HASMCs were incubated with the indicated concentrations of KP‐10 for 24 hours and subjected for immunoblot analyses of fibronectin, elastin, metalloproteinase (MMP)‐2, and MMP‐9. Representative images showing protein expression (upper panels) with densitometry following normalization relative to α‐tubulin (lower panels). Data are shown as mean±SEM from 4 independent experiments.

**Figure S2.** Expression of KP‐10 and GPR54 in coronary atherosclerotic lesions and plasma KP‐10 level in patients with coronary artery disease (CAD). A: a through h, Representative cases with non‐CAD (A: a, b; male, 34 years old), old myocardial infarction (OMI) (A: c, d; male, 71 years old), acute coronary syndrome (ACS) (A: e, f; male, 80 years old), and ACS (A: g, h; male, 80 years old) are shown by their coronary arteries stained with anti‐KP‐10 antibody (A: a, c, e, g) or anti‐GPR54 antibody (A: b, d, f, h). Scale bar=500 μm. B, Plasma KP‐10 level was measured by ELISA in 28 healthy volunteers and 70 ACS patients.

###### 

Click here for additional data file.
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